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Abstract: A new wind-resistant design optimization method for twin towers by utilizing link bridges,
named as the Modal Substructure (MSS) method, is proposed. The MSS method combines the benefits
of engineering design approaches and theoretical analysis methods to achieve efficient wind-induced
vibration control tailored to specific twin tower projects. The method involves three main steps:
(1) establishing control objectives based on the wind-induced response characteristics of the twin
towers, (2) determining control strategies by analyzing the modal acceleration characteristics of
the twin towers, and (3) performing parameter optimization of the link bridge, including assessing
the damping ratio, mass ratio, and frequency ratio of the bridge. By applying the MSS method,
optimal configurations for the link bridge can be identified, leading to effective vibration reduction
effects. The wind-induced responses of the twin towers exhibit three distinct types: predominance
of out-of-phase response, predominance of in-phase response, and equal importance of in-phase
and out-of-phase responses. Each response type necessitates the implementation of specific control
strategies. We propose a two-section link bridge design approach: the upper section functions as a
tuned mass damper to effectively control the in-phase response, while the lower section is designed
as a “stiffness + damping component” to reduce the out-of-phase response.

Keywords: twin towers; link bridge; wind-induced response; control of dynamic response

1. Introduction

Super-tall twin towers have gained worldwide recognition and appreciation from
property owners and architects due to their exceptional aesthetic design and outstanding
architectural functionalities. However, the dynamic behavior of these towers under wind
loads becomes a primary concern, often surpassing the seismic considerations which are
more commonly emphasized for conventional buildings. Consequently, there arises a need
to delve into the optimization of wind-resistant design strategies for super-tall twin towers.

Compared to single towers, the aerodynamic characteristics of the twin towers are
often more complex [1-3]. Lim [4,5] conducted synchronized tests on twin towers with
spacing ratios ranging from 0.25 to 3, using dual high-frequency force balance experiments.
The investigation involved examining the correlation coefficients and coherence functions
to explore the aerodynamic correlation between the twin towers. Substantial differences
were observed between the overall aerodynamic forces of the twin towers and those of
single towers. Song [6] conducted rigid model pressure tests on twin towers with spacing
ratios from 0.25 to 2, investigating the correlation between aerodynamic forces of the twin
towers.

Furthermore, based on previous research [7], it is found that the existence of a struc-
tural link significantly influences the wind-induced responses of the linked twin towers.
The presence of a structural link leads to the redistribution of wind loads between the twin
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towers. In comparison to the detached twin towers, the wind-induced responses of the
tower with originally larger response values will decrease after being linked, while the
tower with initially smaller response values will experience an increase. Therefore, we
propose a hypothesis that adjusting the structural parameters of the link (such as damping
ratio, mass, and natural frequency) could potentially improve the wind-induced responses
of the twin towers.

Currently, the wind-resistant design methods for the linked twin towers can be catego-
rized into two types:

(1) Engineering design methods. These methods are employed for specific twin tower
projects, using commercial finite element software to establish detailed building mod-
els and conduct modal analyses. By combining the generalized aerodynamic forces
obtained from wind tunnel tests with the structural dynamic characteristics of the
linked twin towers, the wind-induced responses and wind loads are calculated [8].
The advantage of this approach lies in obtaining highly reliable wind-induced re-
sponses that can directly guide engineering projects. However, its drawback is that
the results obtained are only applicable to the specific project and are not efficient
when used for analyzing different link conditions. Consequently, this method is not
conducive to guiding wind-resistant design optimization for the linked twin towers.

(2) Theoretical analysis methods. Common simplified calculation models for theoretical
analysis include lumped mass models [9], rigid panel models [10,11], and cantilever
beam models [12-14], among others. Using modal analyses of these simplified models,
the natural frequencies and mode shapes of the twin towers are obtained. Utilizing
hypothesized modal shapes, Lim et al. [4] introduced a 3D simplified theoretical model
to assess the dynamic attributes of the linked twin towers. This model delved into the
influence of link stiffness on the frequencies of these structures. While Lim’s model
offers a concise equation for computing wind-induced responses of the linked twin
towers, its prognostications for generalized forces and estimations of wind-induced
responses entail certain ambiguities stemming from the overly simplified modal
correction coefficients [15]. Addressing the limitations of Lim’s model, Song [10]
proposed a more comprehensive 3D analysis model for the linked twin towers that
does not require assumed modal shapes. Based on the rigid panel models, Song
derived the mass and stiffness matrices of the linked twin towers and obtained
their modal shapes by solving the characteristic equation. Huang [16] simplified
the linked twin towers into a lumped-mass model and found that the variations in
the link stiffness have minimal impact on the in-phase mode of the twin towers, but
significantly affects the out-of-phase mode.

The advantage of the theoretical analysis approach is its high computational effi-
ciency, facilitating the calculation of wind-induced responses for different link conditions.
Nevertheless, its limitation lies in the significant disparity between the overly simplified
theoretical models and the actual structures, leading to insufficient accuracy in the wind
response results and making it difficult to directly guide engineering projects.

Due to the limitations of the engineering design methods and theoretical analysis
methods, this paper introduces a new method, named as the Modal Substructure (MSS)
method, for wind-resistant design optimization of twin towers by using link bridges.
The MSS method is an approximate calculation method exhibiting sufficient accuracy,
which avoids the drawbacks of repetitive modeling in engineering design methods and
the diminished computational accuracy in theoretical analysis methods. Firstly, a wind
tunnel test of square twin-towers with various building spacing is conducted to obtain
the overall aerodynamic forces on each tower. Secondly, the primary steps to improve
wind-induced responses of the twin towers via the MSS method are proposed. Thirdly, the
wind-resistant design optimization process for twin towers by use of link bridges are given
under various building spacing. Finally, valuable insights and conclusions drawn from the
research findings are presented.
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2. Wind Tunnel Experimental Setups
2.1. Testing Model Configurations

To investigate the wind-induced responses of the twin towers, two identical square
buildings were selected for wind tunnel experiments. The wind tunnel model was fabri-
cated at a geometric scale of 1:300, which represents twin towers of 300 m in height and
45 m in width and was tested in the Boundary Layer Wind Tunnel Laboratory of Zhejiang
University. To maintain a consistent spacing between the two towers throughout their
height, the two models were affixed using a small bar at the top of the two models, as
depicted in Figure 1.

Figure 1. Pressure model of the square twin towers.

Each building model was instrumented with 240 pressure taps on the facades. Using
a synchronous pressure acquisition system, the wind pressures on the model surfaces
were measured at a sampling rate of 312.5 Hz for 90 s per wind direction during the wind
tunnel testing. Based on the model similarity principles [17], this corresponds to about
2.5 h recording at a 3 Hz sampling rate in full scale.

To emphasize the vortex-induced across-wind responses, a typical open wind exposure
was simulated, which represents a power-law index of 0.15 for mean velocity profile and
a turbulence intensity of 9% at the building height. Figure 2 defines the coordinates and
wind directions.

B g s g B
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I Wind (0°)

Figure 2. Definition of coordinates and wind directions.

Based on the previous research [6,18], it has been identified that the most critical wind
directions for symmetric twin towers are 0° and 90°. Therefore, the twin towers were tested
for the building spacing s/B = 0.5,1 and 2.0 at wind directions of 0° and 90°.
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2.2. Data Processing

With synchronous pressure integrations, the overall generalized aerodynamic forces
on each tower were determined as follows.

Generalized force : GFj(t) :ip(t)éj(z)dA j=xy (1)

where p(t) is the time series of wind pressures on the model surface; dA indicates the
calculated area of the measurement point; and ®;(z) denotes the j-th modal shape function.

The equations of motion are expressed in terms of generalized coordinates, and the
wind-induced response of the structure can be obtained by solving the following equations
of motion:

(i} + 20 {0} + @ ()} = 57

— J=ny @)
where 7;(t) is the generalized displacement;  is the structural damping ratio; wj is the
natural angular frequency (w; = 27f;); and M, is the generalized mass.

The frequency domain method is utilized for calculation, which provides an intuitive
representation of the structural dynamic characteristics and facilitates the determination of
statistical values for the wind-induced response. When employing the frequency domain
method, the root mean square value of the acceleration for the j-th mode can be obtained

from the following equation:

Scr,(f)

T w1 vr) )]

1
.diMj i

®)

where ScF, (f) is the spectrum of the generalized force, and f; is the natural frequency of
the j-th mode.

3. Description of MSS Method

The MSS method is an approximate approach for calculating the wind-induced re-
sponses of the linked twin towers. The methodology incorporates the concept of substruc-
ture [19] to perform an energy analysis on both the main towers and the link bridge. By
means of theoretical deduction, the motion equations governing the twin tower structures
and the link bridge were derived to evaluate their wind-induced responses [20]. The
principle of the MSS method is to first obtain the structural dynamic characteristics of
the detached twin towers using commercial structural analysis software. Based on this, a
parameterized theoretical analysis model for the linked twin towers is established. Sub-
sequently, parameter analysis and optimization are conducted on the link bridge of the
twin towers, aiming to achieve wind-induced vibration control. The MSS method allows
for wind-resistant design optimization tailored to specific twin tower projects, thereby
avoiding the problems associated with repetitive modeling in engineering design methods
and reduced computing accuracy in theoretical analysis methods.

In order to improve the wind-induced responses of the linked twin towers, the Modal
Sub-Structure (MSS) method was utilized to optimize the link bridge design with the objec-
tive of lessening the wind-induced accelerations. The wind-resistant design optimization
process for twin towers encompasses three primary steps as follows:

Step 1: Establishment of control objectives.

During this step, an assessment is made to determine the necessity of improving
the wind-induced response, considering the specific engineering project’s design condi-
tions, including the design wind speed, structural load capacity limits, and wind-induced
acceleration limits.

Step 2: Formulation of control strategies.

A comprehensive analysis of the data obtained from the wind tunnel experiments
reveals key factors contributing to heightened wind-induced responses. Building upon this
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analysis, well-defined control strategies are devised. Notably, the MSS method suggests
adopting a “stiffness + viscous damper” link bridge configuration to effectively control
the wind-induced response of out-of-phase modes. In addition, link bridges serve as
tuned mass dampers (TMD) to mitigate the wind-induced responses of in-phase modes. By
strategically applying out-of-phase forces on the twin towers via the link bridges, significant
reduction in the wind-induced response of in-phase modes can be achieved.

Step 3: Parameter optimization of the link bridge.

In this step, various link bridge parameters, including the damping ratio, mass, and
frequency, are investigated, and their corresponding wind-induced responses are analyzed
using the MSS method. This enables the identification of effective and feasible combinations
of bridge parameters, providing valuable guidance for further detailed structural design
optimization of the link bridge.

4. Application of MSS Method in Wind Resistance Design of Linked Twin Towers
4.1. Structural Design Parameters

In a typical twin-tower configuration characterized by symmetrical geometrical shapes
and structural attributes, the most important modes of vibrations to wind-induced effects
can be classified into two categories [18]: the in-phase modes and the out-of-phase modes,
as illustrated in Figure 3.

)I; —_— e =y -;y -

(0) (d)

Figure 3. Illustration of fundamental structural modes for the detached twin towers. (a) y-in mode;
(b) x-in mode; (c) y-out mode; and (d) x-out mode.

The structural design parameters of the twin towers and the link bridge are given in
Table 1.

Table 1. Design parameters of the twin towers and the link bridge.

Design Parameter Value
the tower height 300 m
the tower width 45m
the floor height 4m
the floor mass 2500 ton/floor
natural frequency of each tower 0.125 Hz (in x & y direction)
damping ratio of each tower 2%
the location of the link bridge on the top floor
the mass of the link bridge 1600 ton(about 1.5% generalized mass of the
tower)
other design parameters of the link bridge to be determined

The other design parameters of the link bridge used in the MSS method are as follows:
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___"MB
(M1 + Mz)
where mp is the mass of link bridge, wp is the natural frequency of link bridge, cp is the

damping of link bridge, M; and M is the mass of towerl and tower2, and w; is the natural
frequency of the tower.

c
{p=—2—= damping ratio, pup; =

= mass ratio, jiw = wp/w; = frequency ratio.
wpMp

4.2. Improving the Wind-Induced Response in 0° Wind Direction

According to previous research findings [18], the wind-resistant design of twin towers
is primarily influenced by wind-induced responses under wind directions of 0° (or 180°)
and 90° (or 270°). The methods for controlling wind-induced responses in the wind
direction of 0° by utilizing link bridges are illustrated as follows.

421.s/B=2

Firstly, the wind-resistant design optimization steps for twin towers with building
spacing s/B = 2 are outlined using the MSS method:

Step 1: Control objectives are established based on the wind-induced responses of
the detached twin towers, representing the most unfavorable scenario. The dominance of
the across-wind response is evident, as depicted in Figure 4, where the root mean square
accelerations for the detached twin towers are computed using Equation (3) with respect
to the reference wind speed. Thus, the primary control objective for the twin towers with
s/B = 2 is to lessen the across-wind response.
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Figure 4. Roof top accelerations for the detached twin towers.

Step 2: Control strategies are determined by analyzing the wind-induced accelerations
of the first four modes (x-in mode, x-out mode, y-in mode, and y-out mode) of the detached
twin towers, as depicted in Figure 5. It is observed that wind speeds below 60 m/s are
characterized by the out-of-phase response (ay-out) dominating the across-wind response.
Additionally, the out-of-phase response exhibits a distinctive vortex-induced resonance
behavior, while the in-phase across-wind response (a,.in) resembles a galloping response.
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Figure 5. Modal accelerations of the first four modes for the detached twin towers.

Based on this analysis, the wind-induced vibration control strategy for the twin towers
with s/B = 2 primarily targets the out-of-phase mode in the across-wind response. To this
end, a novel mechanical model, presented in Figure 6, has been introduced to effectively
mitigate the out-of-phase across-wind response. The strategy involves enhancing the link
bridge’s stiffness and incorporating viscous dampers for effective control.

Rigid connection

T1 Tower F
e + viscous dampers

Link bridge 12 Towe
of strong stiffness

\ Sliding

support

Figure 6. Schematic diagram for the control of the out-of-phase modal response by increasing the
stiffness and setting viscous dampers.

Step 3: The optimization of the link bridge parameters is carried out using the MSS
method, analyzing the wind-induced accelerations of the linked twin towers. Three distinct
link bridge connection cases are considered in this analysis:

Case 1: In this scenario, only the support stiffness is employed to constrain the relative
displacement of the twin towers, with no use of viscous dampers to control their relative
vibration. The frequency ratio of the link bridge is set to 3 (i = 3), representing a typical
elastic constraint.

Case 2: Similar to Case 1, only the support stiffness is utilized to restrict the relative
displacement of the twin towers, without incorporating viscous dampers. With the natural
frequency of the single tower being 0.125 Hz, a frequency ratio of 8 indicates that the
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natural frequency of the link bridge in the x-direction is 1 Hz, representing a typical rigid
constraint between the link bridge and the twin towers.

Case 3: In this configuration, both the viscous dampers and support stiffness are
implemented to constrain the relative vibration and displacement of the twin towers,
respectively. The frequency ratio of the link bridge remains set at 3 (i, = 3), and the
damping ratio of the viscous dampers is 10% ({p = 10%).

The wind-induced accelerations of the linked twin towers are calculated by using the
MSS method for each case. The transfer function of the linked twin towers for the wind
loads can be obtained via the MSS method [20] as

. 1 2\? 2
|Hr(iw)|* = W (1 - (::;) ) +4§%<:;) 4)
j

Dr =1+ dprhy ()~ (14 (7 + (1+3)b)) ()
w
wj

() () + (5)' ()

o =24(5) ~2,(2) () 20w ety () (5)
(1l ) () (2)

where w; is the natural frequency of each tower, {; is the damping ratio of each tower, wp
is the natural frequency of the link bridge, {5 is the damping ratio of the link bridge, y 4;; is
the average displacement of the two towers, and 7ypj; is the relative displacement of the
two towers.

The variance of accelerations under wind excitation can thus be obtained as:

|
/
Ele
N———
N

—~~

Q1

A

72 = [ wtlHr(iw)Se(w)do )

where Sp(w) is the spectrum of the generalized force.

Figure 7 shows the root mean square wind-induced building accelerations as a function
of the reference wind speed. In this context, the accelerations of the detached twin towers
are determined using Equation (3), while the accelerations of the linked twin towers are
calculated using Equation (7).

In Case 1, the relative displacement of the twin towers is constrained by setting
the support stiffness without the installation of viscous dampers to control their relative
vibration. Consequently, the out-of-phase mode’s natural frequency increases, leading to a
higher critical wind speed for vortex-induced oscillations. Case 1 proves effective when the
design wind speed remains below the critical wind speed.

Comparing the outcomes of Case 1 with Case 2, it is evident that the critical wind
speed for vortex-induced resonance increases with higher support stiffness. Nevertheless,
utilizing either Case 1 or Case 2 could have adverse consequences if the design wind
speed significantly surpasses the vortex-induced resonance wind speed of the detached
twin towers. This is because the link bridge’s stiffness induces vortex-induced resonance
at higher wind speeds, resulting in higher response values compared to the resonance
response at lower wind speeds, especially in Case 2.

The most effective approach to mitigate wind-induced vibration is represented by
Case 3, wherein a viscous damper is incorporated to limit the relative vibration between
the twin towers, alongside support stiffness to restrict their relative displacement. This
combined approach not only elevates the critical wind speed but also reduces the amplitude
of the vortex-induced response. Importantly, it is noteworthy that the mentioned three
connection cases have no negative impact on the along-wind response.
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Figure 7. Wind-induced building accelerations (s/B = 2): (a) Along-wind, and (b) across-wind.

422.5s/B=1

Prior investigations [18] have revealed that alterations in the spacing between the twin
towers exert a significant influence on their aerodynamic characteristics and consequent
wind-induced responses. Therefore, it is imperative to separately address the wind-induced
responses and wind-resistance design optimization for twin towers with different building
spacings. In this section, particular attention is devoted to the scenario where the relative
spacing between the twin towers is 1 (s/B = 1).

Figure 8 presents the standard deviations of tower accelerations and modal accel-
erations of the detached twin towers, with the displayed values indicating the higher
acceleration between the two towers. As depicted in Figure 8a, when s/B = 1, the wind-
induced response remains predominantly in the across-wind direction. However, it is
noteworthy that the out-of-phase component dominates the across-wind response only
when the reference wind speed is relatively small (less than 55 m/s). Conversely, at higher
reference wind speeds, both the out-of-phase and in-phase components assume equal
importance, as illustrated in Figure 8b.
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Figure 8. Wind-induced accelerations of the detached twin towers (s/B = 1): (a) Towers” accelerations,
and (b) modal accelerations.

Hence, in the case of twin towers with s/B = 1, when the design wind speed is relatively
low (below 55 m/s), the “stiffness + viscous damper” approach mentioned earlier proves
effective in controlling the across-wind response. Conversely, if the design wind speed
exceeds 55 m/s, concurrent control of both out-of-phase and in-phase components becomes
imperative for effectively mitigating the across-wind response. This entails utilizing a
structurally robust link to govern the out-of-phase response while employing the link bridge
as a tuned mass damper (TMD) to regulate the in-phase response. The corresponding
schematic mechanical model is presented in Figure 9.

To optimize the parameters of the link bridge, a comprehensive analysis is performed
on wind-induced accelerations of the twin towers, considering three distinct link bridge
connection cases:

Case 1: In this instance, solely the support stiffness is employed to restrict the relative
displacement of the twin towers, devoid of any accompanying viscous dampers to control
their relative vibration. The frequency ratio of the link bridge is set to 3 (y,, = 3), indicative
of a typical elastic constraint.

Case 2: Similarly, in Case 2, only the support stiffness is utilized to constrain the
relative displacement of the twin towers, while no accompanying viscous dampers are
incorporated to control their relative vibration. The frequency ratio of the link bridge is
adjusted to 8 (. = 8), representing a typical rigid constraint.
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Case 3: Following the design methodology of the tuned mass dampers (TMD), hori-
zontal constraints and damping elements are implemented, setting the frequency ratio of
the link bridge to 1 (4. = 1) and the damping ratio to 5%. Simultaneously, a rigid link is
established between the twin towers to restrict their relative displacement. The values of
the link bridge’s parameters used in the MSS method can be found in Table 2.

Link bridge
designed as a Spring-damping
T1 Tower TMD T2 Tower system
\  Structural link SSJldl(r)lrgt
with strong PP
stiffness
| N
[—— [

Figure 9. Mechanical model schematic diagram for simultaneous control of in-phase and out-of-phase
modal responses in the x direction.

Table 2. The values of the link bridge’s parameters.

The Parameters of in-Phase Mode The Parameters of Out-of-Phase Mode
mass ratio pps = 0.015 mass ratio puy = 0.015
frequency ratio p,, =1 frequency ratio pe, =8
damping ratio {p = 5% damping ratio {5 = 0%

Utilizing the MSS method to evaluate the wind-induced responses of the twin towers,
we obtained the standard deviation of wind-induced accelerations for various cases as
a function of the reference wind speed, considering a relative spacing of 1 (s/B = 1), as
depicted in Figure 10.

As depicted in Figure 10, when the relative spacing is 1 (s/B = 1), the impact of reducing
wind-induced response using Case 1 is not pronounced, primarily due to relatively large
in-phase components. Conversely, Case 2, involving the rigid connection of the link bridge
between the twin towers, effectively controls the out-of-phase response, thereby resulting
in a modest reduction in the total wind-induced response. Nevertheless, this approach
proves less effective when the reference wind speed surpasses 60 m/s because the in-phase
response is not controlled. In contrast, the measures implemented in Case 3 are capable of
simultaneously controlling both in-phase and out-of-phase responses, leading to substantial
vibration reduction across all wind speeds.
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Figure 10. Wind-induced building accelerations (s/B = 1): (a) Along-wind, and (b) across-wind.
423.5/B=05

Figure 11 displays the standard deviations of building accelerations and modal accel-
erations concerning the detached twin towers with a relative spacing of 0.5 (s/B = 0.5). The
accelerations depicted in Figure 11a correspond to the higher acceleration value among the
two towers.

The observations from Figure 11 indicate that for a spacing ratio of s/B = 0.5, the
wind-induced response of the detached twin towers remains predominantly governed by
the across-wind direction. Furthermore, vortex-induced vibration predominantly occurs in
the in-phase mode. Notably, around the critical wind speed, the across-wind response is
primarily composed of in-phase modal response. This is consistent with the findings in
reference [18], where the in-phase aerodynamic force of twin towers becomes dominate at
s/B=0.5.

Consequently, it becomes imperative to concurrently control both the out-of-phase
and in-phase modal responses for the twin towers with such a spacing ratio to effectively
mitigate the across-wind response of the twin towers.



Sustainability 2023, 15, 12397

13 of 22

25
i
é a6 L a, (detach)
3] — — -qa, (detach)
,
g
=15+ = > 7
E’ L’x L‘X v g
Q 7
S0k 4
< I Wind (0°) Vs
2 ’
s 7
-
3 st
o
[a'%
O 1 1 1 1
0 10 20 30 40 50 60 70 80
Um-s™
(a)
20 -
o
o
é 15F
S
2
=
<
5
S0t
Q
Q
<
o,
8
Gy Sr
o
o
[a'%
O 1
0 10 20 30 40 50 60 70 80
Um-s™
(b)

Figure 11. Wind-induced accelerations of the detached twin towers (s/B = 0.5): (a) Towers’ accelera-
tions, and (b) modal accelerations.

To conduct the parameter optimization of the link bridge, an extensive investigation
of wind-induced accelerations of the twin towers is undertaken, considering three typical
connection cases of link bridges:

Case 1: In this scenario, a small support stiffness is applied to restrict the relative dis-
placement of the twin towers, without any accompanying installation of viscous dampers
to control their relative vibration. The link bridge frequency ratio is set to 3 (., = 3),
representing a typical elastic constraint.

Case 2: On the other hand, a large support stiffness is employed to constrain the
relative displacement of the twin towers, while no viscous dampers are installed to control
their relative vibration. The link bridge frequency ratio is adjusted to 8 (i, = 8), indicative
of a typical rigid constraint.

Case 3: For this particular instance, the link bridge design adheres to the principle of
the tuned mass damper (TMD), incorporating the appropriate horizontal constraints and
damping elements. This ensures that the bridge frequency ratio equals 1 (3, = 1), while the
damping ratio of the damping elements is set at 5%. Furthermore, a structural link with
robust stiffness is integrated between the two towers, directly constraining their relative
displacement.

By using the MSS method to calculate the wind-induced response of the twin towers,
the wind-induced accelerations of the twin towers under different cases as a function of
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reference wind speed can be obtained for a spacing ratio of 0.5 (s/B = 0.5), as illustrated in
Figure 12.
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Figure 12. Wind-induced building accelerations (s/B = 0.5): (a) Along-wind, and (b) across-wind.

A comparative analysis of the accelerations in the three cases was conducted to assess
the vibration reduction efficacy of each method. The findings revealed that when s/B = 0.5,
the across-wind response was predominantly governed by the in-phase mode response.
Consequently, concurrent control of responses in both in-phase and out-of-phase modes
became imperative. As a result, Case 3 exhibited a superior vibration reduction effect
compared to Case 1 and Case 2.

In conclusion, the three spacing ratios examined (s/B = 2, 1, and 0.5) represent distinct
typical scenarios encompassing wind-induced vibration control in twin towers. These
scenarios encompass predominance of out-of-phase modal response, equal significance
of out-of-phase and in-phase responses, and predominance of in-phase response. Conse-
quently, through judiciously designing the connection mode between the link bridge and
the twin towers in line with the actual aerodynamic conditions, the wind-induced response
of the main towers can be effectively mitigated.

In practical applications, achieving control of out-of-phase modal response via rigid
connection is generally more straightforward compared to designing the link bridge as
a tuned mass damper (TMD) for controlling the in-phase modal response, which entails
certain technical challenges during implementation. In TMD design, it is essential to
consider the displacement stroke of the link bridge relative to the main tower during
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wind-induced vibrations. The calculation of the link bridge displacement can be readily
accomplished using the MSS method, which applies the transfer function of the bridge
for wind loads [20]. Subsequently, bridge displacement is obtained using the integration
of the transfer function multiplied by the generalized aerodynamic power spectrum. As
illustrated in Figure 13 for the case of a spacing ratio s/B = 0.5, employing the control
method of Case 3, this relative displacement between the link bridge and the main tower is
referred to as “stroke” in TMD design, and controlling the stroke of the bridge becomes
crucial to meet construction requirements. Consequently, in practical engineering, the
utilization of stiffened nonlinear damping elements, such as the V2-type damping element
(where the damping force is proportional to the square of velocity) commonly used in TMD
systems for most super high-rise buildings, is recommended.
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Figure 13. Horizontal displacement stroke of the link bridge.

4.3. Improving the Wind-Induced Response in 90° Wind Direction

Subsequently, an investigation into the wind-induced responses of the twin towers in
the wind direction of 90° is conducted, with a specific focus on exploring the approaches to
controlling wind-induced vibrations via the utilization of link bridges. Analogous to the
preceding discussion, the case of a spacing ratio of 2 (s/B = 2) is first discussed.

431.s/B=2

Figure 14a depicts the root mean square accelerations as a function of the reference
wind speed, with the displayed values representing the higher acceleration among the two
towers. Meanwhile, Figure 14b provides an overview of the modal accelerations of the
structurally detached twin towers.

Based on Figure 14, when the spacing ratio is s/B = 2.0, the wind-induced response
continues to be predominantly governed by the across-wind component. However, unlike
in the wind direction of 0°, the in-phase and out-of-phase components of the across-wind
response exhibit more comparable magnitudes in the wind direction of 90°. This finding
is in line with the observations made in reference [18], where it is demonstrated that the
power spectra of in-phase and out-of-phase aerodynamic forces are nearly identical at
the peak points for a spacing ratio of s/B = 2.0. Consequently, it becomes imperative
to simultaneously control both the out-of-phase and in-phase components to effectively
control the across-wind response.



Sustainability 2023, 15, 12397 16 of 22

120 -
o 110F L -
é 100 | a, (detach) 5
S sl - - -a, (detach) /
g sor | /
B 70} . . /
- Wind (90°)
S oeof U U s //
8 s0f /
o 40 7
o 40t
2 30 / d
P ”~
8 20} -
~ oot _ -7
0 1 i 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Um-s !
(a)
100
a9t -
é 30 | A in ya
g 70 F - _ax-out -/ 5
g sl e a,. foooo
5 60 | y-in 7
% 50 -t ay-out 1/
S a0} 7
3 y ¥ Ty
Wind (90°) ’
2 30l wmp [ s [ s 7
— -
S 20}
o
Qﬁ 10 -
0 1 ]
0 10 80

(b)

Figure 14. Wind-induced accelerations of the detached twin towers (s/B = 2): (a) Towers’ accelerations,

and (b) modal accelerations.

In the wind direction of 0°, the out-of-phase component, which primarily governs the
across-wind response, can be mitigated using the utilization of axial stiffness along the
x-direction of the link bridge. This approach provides a substantial constraint force, thereby
achieving a nearly rigid connection. However, in the wind direction of 90°, controlling the
out-of-phase component of the across-wind response necessitates the utilization of bending
and shearing stiffness along the y-direction of the link bridge. Yet, it is worth noting that
the attainable constraint stiffness is relatively limited, especially for a long-span link bridge.
Analyses of various engineering projects reveal that employing fixed supports at both ends
of a link bridge, restraining the out-of-phase vibrations in the y-direction, can achieve a
bridge frequency ratio of approximately 3 to 4. Hence, this aspect should be thoughtfully
considered when defining the relevant design parameters in the MSS method.

Subsequently, the parameter optimization of the control method was carried out by
analyzing wind-induced accelerations of the linked twin towers under three typical link
bridge connection cases:
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Case 1: The link bridge is rigidly connected to the twin towers, resulting in a frequency
ratio of 8 for the in-phase mode and a frequency ratio of 4 for the out-of-phase mode.
However, no constraints are imposed on the utilization of viscous dampers to control the
relative vibrations between the two towers.

Case 2: Similar to Case 1, the link bridge is rigidly connected to the twin towers,
with the same frequency ratios for the in-phase and out-of-phase modes. In addition,
to effectively controlling the vibrations of the out-of-phase mode, viscous dampers are
introduced, with the damping ratio ({g) set at 10%.

Case 3: In this case, the link bridge is specifically designed with horizontal constraint
stiffness and damping of the bearings, following the principles of tuned mass dampers. As a
result, the frequency ratio of the in-phase mode is set to 1 (i.e., yi(, = 1). Furthermore, viscous
dampers are installed at the bearing locations with a damping ratio of 5% (i.e., {g = 10%).
Simultaneously, a “stiffness + damping component” is introduced between the two towers
to effectively control the vibrations of the out-of-phase mode, efficiently constraining the
relative displacement of the twin towers. The schematic diagram of the mechanical model,
capable of simultaneously controlling the in-phase and out-of-phase modal responses in
the y-direction, is illustrated in Figure 15.

Link bridge Spring-d . . ; :
deiEEd Prmg‘dan}Pmﬁ Link bridge designed
o system designe I as a TMD m .
?; 2;]:::3 ek aiite LE; Core tube
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Figure 15. Schematic of the mechanical model for simultaneously controlling the in-phase and
out-of-phase modal responses in the y-direction.

Using the MSS method, we conducted an analysis of the wind-induced responses of
the twin towers. The wind-induced accelerations of the twin towers, focusing on a spacing
ratio of 2 (s/B = 2), were carefully examined as a function of the reference wind speed, and
the results are presented in Figure 16.

A comparative study of the wind-induced accelerations among different cases revealed
anotable similarity in the proportion of in-phase and out-of-phase components of the across-
wind response in the wind direction of 90°. Consequently, Case 3, which effectively controls
both the in-phase and out-of-phase responses, demonstrates superior vibration reduction
effectiveness. Worth mentioning, in Case 3, the link bridge is ingeniously designed as a
tuned mass damper, and the horizontal displacement of the link bridge is thoughtfully
illustrated in Figure 17.
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Figure 16. Wind-induced building accelerations in the wind direction of 90°(s/B = 2): (a) Along-wind,
and (b) across-wind.
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Figure 18 presents the building accelerations and modal accelerations for the detached
twin towers (s/B = 1 and 0.5). The accelerations shown in Figure 18 represent the higher
acceleration among the two towers.
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Figure 18. Wind-induced accelerations of the detached twin towers: (a) Towers” accelerations (s/B =1),
(b) towers’ accelerations (s/B = 0.5), (c¢) modal accelerations (s/B = 1), and (d) modal accelerations
(s/B=0.5).

Upon examination of Figure 18, it is evident that when s/B = 2.0, the wind-induced
response of the twin towers is primarily dominated by the out-of-phase across-wind
component. Subsequently, we delve into the analysis of three distinct cases:

Case 1: The link bridge is rigidly connected to the twin towers, resulting in a frequency
ratio of 8 for the in-phase mode and a frequency ratio of 2 for the out-of-phase mode, due
to the relatively low horizontal bending stiffness of the bridge. Meanwhile, no viscous
dampers are installed to restrain the relative vibrations between the two towers.

Case 2: Similarly, the link bridge is rigidly connected to the twin towers, but now
yielding a frequency ratio of 8 for the in-phase mode and a frequency ratio of 4 for the out-
of-phase mode. Again, no viscous dampers are present to restrain the relative vibrations
between the twin towers.

Case 3: In this scenario, the link bridge is rigidly connected to the twin towers, resulting
in an in-phase mode frequency ratio of 8 and an out-of-phase mode frequency ratio of 4.
Notably, viscous dampers are installed to effectively control the out-of-phase vibrations,
with a damping ratio ((g) set at 10%. The wind-induced accelerations of the twin towers,
as a function of the reference wind speed in different cases, are shown in Figure 19 for the
spacing ratios of 1 and 0.5 (s/B = 1 and 0.5).
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Figure 19. Wind-induced building accelerations (s/B = 2): (a) Along-wind (s/B = 1), (b) along-wind
(s/B =10.5), (c) across-wind (s/B = 1), and (d) across-wind (s/B = 0.5).

As evident from Figure 19, in the wind direction of 90°, the across-wind response for
both s/B ratios of 1 and 0.5 is predominantly governed by the out-of-phase component.
Consequently, Case 3, which incorporates rigid connections between the bridge and towers
while simultaneously implementing viscous dampers, demonstrates the most effective
reduction in vibration.

5. Discussion

In summary, the wind-induced response of the twin towers exhibits three distinct
scenarios: predominance of out-of-phase response, predominance of in-phase response,
and equal importance of in-phase and out-of-phase responses.

To address the improvement of wind-induced responses of the twin towers via the
utilization of link bridges, this research proposes a comprehensive mechanical model,
depicted in Figure 20, which effectively controls both the in-phase and out-of-phase modal
responses in both x and y directions by using the link bridges. To evaluate the vibration
reduction efficiency of various link bridge configurations, the Modal Sub-Structure (MSS)
method is employed, facilitating the determination of optimal connecting methods and
design parameters for link bridges. This offers essential technical guidance for the wind-
resistant design of the linked twin towers.

In Scenario 1, where out-of-phase modal response dominates, the link bridge of strong
stiffness is rigidly connected with the core tube of the towers, alongside the inclusion of
viscous dampers to enhance energy dissipation, as shown in Figure 20c.

In Scenario 2, characterized by the predominance of in-phase modal response, the link
bridge should be designed as a tuned mass damper (TMD), utilizing the mass of the bridge
to exert a force in the opposite direction. The spring-damping constraint system for the
bridge is designed based on the principle of TMD, as illustrated in Figure 20b.
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Figure 20. Schematic diagram of the general mechanical model which can control the in-phase and
out-of-phase modal responses in both x and y directions: (a) the whole link bridge, (b) the upper
section of the link bridge, and (c) the lower section of the link bridge.

In Scenario 3, where in-phase and out-of-phase modal responses hold equal impor-
tance, a two-section bridge design is recommended, as illustrated in the mechanical model
schematic diagram of Figure 20a. The upper section serves the purpose of controlling the
in-phase response as a TMD, while the lower section is a strong link rigidly connected with
the towers.

The wind-resistant optimization strategies for super-tall twin towers can be classified
into two categories: aerodynamic optimization and structural optimization. Aerodynamic
optimization measures yield significant benefits, yet they often entail alterations to the
building’s appearance, potentially creating conflicts with architectural designs. Traditional
structural optimization methods primarily focus on enhancing structural stiffness and
load-bearing capacity, typically leading to escalated material expenses.

In contrast, the utilization of link bridges for wind-resistant optimization in connected
twin towers circumvents the need for changes in the building’s appearance or an augmen-
tation of column cross-sectional dimensions. This approach harmonizes effectively with
the principles of sustainability.

6. Conclusions

A new method of wind-resistant design optimization for twin towers, called the modal
substructure method (MSS), is introduced. The MSS method consists of three major steps:
(1) to establish the control objectives based on the wind-induced response characteristics of
the twin towers; (2) to determine the control strategies by analyzing the modal accelerations
characteristics of the twin towers; and (3) to perform parameter optimization of the link
bridge, which includes evaluating the damping ratio, mass ratio, and frequency ratio of the
bridge. This optimization process helps identify optimal configurations for the link bridge
to achieve the desired vibration reduction effects.

It is found that the wind-induced responses of the twin towers exhibit three distinct
types: predominance of out-of-phase response, predominance of in-phase response, and
equal importance of in-phase and out-of-phase responses. Due to these diverse response
characteristics, it is essential to implement specific control strategies tailored to each type.

When the out-of-phase response is predominant, the recommended approach involves
the design of a link bridge using the “stiffness + viscous dampers” configuration to effec-
tively constrain the relative vibration between the two towers. For situations characterized
by in-phase response predominance, the mass of the link bridge is harnessed to create a
spring-damping constraint system at both ends of the bridge, adhering to the principles of
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tuned mass dampers (TMD). In cases where both in-phase and out-of-phase responses carry
equal significance, the link bridge is configured to independently control each response.
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